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ABSTRACT 

S e l e c t i v e  shadowing of i n d i v i d u a l  ce l l s  i n  t h e  Skylab 
Workshop solar a r r a y  can r e s u l t  i n  reverse v o l t a g e s  s u f f i c i e n t  
t o  cause Zener breakdown of t h e  shadowed cells.  However, analy-  
sis of s e v e r a l  p o s s i b l e  cases  of a r r a y  shadowing demonstrates  
t h a t  an u n l i k e l y  combination of circumstances i s  r e q u i r e d  f o r  
reverse breakdown t o  occur.  F i r s t ,  of 154 cel ls  i n  a series 
s t r i n g ,  on ly  one must be i n  f u l l  or  almost f u l l  shadow and t h e  
o t h e r s  must be f u l l y  i l lumina ted .  Because of t h e  geometry of 
t h e  a r r a y  and t h e  vehicle,  such a shadow can ar ise  only from t h e  
edge of t h e  deployed meteoroid shield w h i l e  t h e  vehicle is ro:- 
led a s p e c i f i c  amount, Or from antennas mounted on t h e  end of 
t h e  ATM a r r a y s .  Second, t h e  breakdown v o l t a g e  of t h e  shadowed 
c e l l  must be less than t h e  breakdown v o l t a g e s  of m o r e  t han  90% 
of t h e  cells  t e s t e d .  

Should Zener breakdown of an i n d i v i d u a l  c e l l  occur ,  
it i s  n o t  l i k e l y  t h a t  measurable harm w i l l  be done. Of t h e  
s m a l l  sample of t h e s e  cells  which have e x i b i t e d  breakdown a t  
t h e  l o w  r e v e r s e  v o l t a g e s  which are p o s s i b l e  due t o  s e l e c t i v e  
sliaciuwing, t w o  recovered completely. The t h i r d  possessed 
characterist ics of a l o w  impedence r e s i s t o r  a f te r  breakdown 
and i f  it w e r e  i n  series w i t h  153 o t h e r  p rope r ly  performing 
cel ls ,  it would n o t  measurably a f f e c t  t h e  power ou tpu t  of t h e  
s t r i n g .  

MSFC has suggested t h a t  a l l  s o l a r  cells  be screened  
p r i o r  t o  i n s t a l l a t i o n  and t h a t  t h o s e  w i t h  l o w  breakdown vol t -  
ages  n o t  be used. If t h i s  i s  done, t h e  a r r a y  des ign  should be 
completely accep tab le  from t h e  s t andpo in t  of e lectr ical  e f f e c t s  
of p a r t i a l  shadowing. 

(MASA-CR-I 16258) ELECTRICAL EFFXCTS OF 
PARTIAL S H A D O B I N G  OF THE SKYLAB WORKSHOP 
S O L A R  A R R A Y  (Bellcomm, I n c , )  28 p 
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The Skylab Workshop so l a r  a r r a y  w i l l  be wired with- 
o u t  p a r a l l e l  connect ions between i n d i v i d u a l  so la r  cel ls  i n  
t h e  series s t r i n g s .  The s t r i n g  of s i n g l e  cells  w a s  adopted 
t o  e l i m i n a t e  t h e  p o s s i b i l i t y  of "hot-spot" c e l l  f a i l u r e  
under cond i t ions  of  p a r t i a l  a r r a y  shadowing. 
e x p o s i t i o n  of t h e  hot -spot  f a i l u r e  mode f o r  solar  a r r a y s  
has  been g iven  by i t s  d i s c o v e r e r s ,  Blake and Hanson of  
General  Electr ic ,  i n  Reference i. i iot-spots occur i n  t h e  
i l l u m i n a t e d  p o r t i o n  of a p a r t i a l l y  shadowed element of 
several  p a r a l l e l e d  cel ls ,  and can cause s o l d e r  o r  adhesive 
f a i l u r e s .  The v o l t a g e  across  a shadowed element i s  d r i v e n  
i n t o  t h e  reverse reg ion  t o  p a s s  t h e  c u r r e n t  gene ra t ed  by 
o t h e r ,  unshadowed e l e m e n t s  i n  t h e  series s t r i n g .  The power 
t h a t  i s  d i s s i p p a t e d  i n  t h e  i l l umina ted  p o r t i o n  of t h e  
element ,  where r e l a t i v e l y  high c u r r e n t  can flow, i s  on 
t h e  o rde r  of s e v e r a l  w a t t s  f o r  t h e  p a r a l l e l - c e l l  schemes 
cnnsidered for Skylab. 

An e x c e l l e n t  

When one  t o  s e v e r a l  cells  of a s i n g l e - c e l l  series 
s t r i n g  are shadowed, reverse  v o l t a g e s  w i l l  s t i l l  develop 
across those  elements .  The shadowed cel ls  w i l l  ac t  a s  
reverse b ia sed  d iodes ,  b u t  t h e  c u r r e n t  passed w i l l  be  
s m a l l  u n l e s s  t h e  reverse vo l t age  exceeds the  Zener break- 
down p o i n t .  I f  Zener avalanche occurs ,  a shadowed element 
can d i s s i p p a t e  s u b s t a n t i a l  amounts of power. 
t empera tures  w i l l  be less than those  due t o  p a r t i a l  
shadowing of p a r a l l e l e d  cells (hot -spot )  because t h e  
power d i s s i p p a t e d  i s  less and t h e  solar  i n p u t  i s  absen t .  
However ,  a shadowed ce l l  t h a t  exper iences  Zener avalanche 
might n o t  recover  when it is  again i l l u m i n a t e d .  That i s ,  
it might n o t  e x h i b i t  proper v o l t a g e  - c u r r e n t  ( V - I )  ou t -  
p u t  c h a r a c t e r i s t i c s .  

Resul t ing  

The s tudy  r e p o r t e d  h e r e  w a s  performed t o  e v a l u a t e  
t h e  s u s c e p t a b i l i t y  of t h e  Workshop s o l a r  a r r a y  t o  Zener 
breakdown of  shadowed cel ls .  
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WORKSHOP SOLAR ARRAY SHADOW GEOMETRY 

The geometry of t he  Workshop Solar  Array System 
( S A S )  i s  shown i n  Figure 1. Each of t h e  t w o  wings c o n t a i n s  
30 i n t e rchangeab le  pane ls  which are f u r t h e r  d iv ided  i n t o  
f o u r  e l e c t r i c a l l y  independent modules. A module c o n s i s t s  
of fou r  series s t r i n g s  of 154-2x4 an cel ls  which are connected 
i n  p a r a l l e l  only a t  t h e  ends  of t h e  s t r i n g s .  Each s t r i n g  
i s  geomet r i ca l ly  fo lded  i n  ha l f  t o  give a 77x8 cel l  laydown 
on each module. E l e c t r i c a l l y ,  t h e  SAS i s  d iv ided  i n t o  e i g h t  
s e p a r a t e  power producing groups,  and each group i s  connected 
t o  one of t h e  Air lock  Power Condi t ioning Groups c o n s i s t i n g  
of a charger ,  b a t t e r y ,  and r e g u l a t o r .  Each SAS group c o n s i s t s  
of 3 0  modules, or  120 s t r i n g s ,  i n  p a r a l l e l .  

I n  a t t i t u d e s  o t h e r  t h a n  solar i n e r t i a l  ,shadowing of  
t h e  solar cells can occur from three sources .  T h e  f i r s t  i s  
the  deployable  beam-fairing, which can cast  only a shadow 
whose edge i s  p a r a l l e l  t o  the s t r i n g s  of cells .  
The shadow on the  a f f e c t e d  ha l f  of a partially shadowed string 
w i l l  be  uniform, and high r eve r se  v o l t a g e s  across i n d i v i d u a l  
cel ls  cannot b u i l d  up. Zener breakdown w i l l  t h e r e f o r e  n o t  
occur  due t o  shadowing by the beam-fairing. The second source  
of shadowing i s  t h e  Workshop forward and a f t  s k i r t s  and t h e  
meteoroid s h i e l d .  The shadowing edge i s  pe rpend icu la r  t o  
t h e  s t r i n g s  of cel ls .  
t h e s e  c y l i n d e r s ,  g e n e r a l l y  t w o  w i l l  be shadowed because of  
t h e  geomet r i ca l  f o l d  i n  t h e  c e n t e r .  The excep t ion  i s  t h a t  
string w h e r e  the shadow of t h e  end of the deployed meteoroid 
s h i e l d  f a l l s  between fo lded  halves of t h e  s t r i n g .  T h e  t n i r d  
sou rce  of shadowing i s  t h e  ATM solar  a r r a y s  and dev ices  
mounted t o  t h e  ends of t hese  a r r a y s .  Shadows f r o m  t h i s  
source  can a l so  cover cells i n  only one-half of a fo lded  
s t r i n g .  

(see F igure  1) .  

I f  one ce l l  i n  a s t r i n g  i s  shadowed by 

T o  completely spec i fy  p o s s i b l e  shadow p a t t e r n s ,  t h e  
effects of t h e  penumbra must be cons idered .  The penumbra 
i s  t h e  space  of p a r t i a l  i l l u m i n a t i o n  between t h e  umbra, o r  
p e r f e c t  shadow, and t h e  f u l l y  i l l u m i n a t e d  space.  I t  arises 
because t h e  sun,  as viewed f r o m  t h e  ear th ,  i s  n o t  a p o i n t  
source .  The i l luminance  a t  any p o i n t  i n  t h e  penumbra i s  
determined by how much of t h e  s u n ' s  d i s k  can be seen from 
t h e  p o i n t ,  modified by t h e  l i m b  darkening e f f e c t .  



c 

BELLCOMM, INC. - 3 -  

The geometry p e r t i n e n t  t o  t h e  s tudy  of t h e  penumbra 
i s  g iven  i n  F igure  2.  The angle  subtended by t h e  sun i s  c a l l e d  
6 and a t  e a r t h  d i s t a n c e  has  a va lue  of .009305 r a d i a n s .  The 
width of t h e  penumbra due t o  a shadowing s t r a i g h t  edge on a 
s u r f a c e  pe rpend icu la r  t o  t h e  solar  vector i s  

P = SL = .009305 L 

where L i s  t h e  d i s t a n c e  from t h e  shadowing edge t o  t h e  shadowed 
s u r f a c e .  A t  a d i s t a n c e  X i n t o  t h e  penumbra from t h e  umbra, a 
segment of t h e  s u n ' s  d i s k  of  r ise A i s  v i s a b l e  above t h e  
shadowing edge. I f  R i s  t h e  r a d i u s  of t h e  sun,  w e  see t h a t  

A X  m = P  

Limb darkening r e f e r s  t o  the f a c t  t h a t  t h e  luminous 
i n t e n s i t y  (luminance) i s  n o t  c o n s t a n t  over t h e  s u n ' s  d i s k ,  
b u t  drops o f f  as t h e  d i s t a n c e  f r o m  the c e n t e r  of t h e  d i s k  

as seen  from t h e  e a r t h ,  a good approximation f o r  t h e  luminance 
a t  a d i s t a n c e  r f r o m  t h e  center i s  

i n c r e a s e s .  If io is t h e  iumiriaiice a t  LLA U L G  bL.&bk& -nn+n,- c?f the  d i s k  

i = i o ( l - u + u  cos$) ( 3 )  

-1 r 
R where I$ = s i n  - (see Figure 2 )  and u de te rmines  t h e  degree  

of limb darkening. I f  u = 0, t h e  luminance i s  uniform; i f  
u = 1, t h e  luminance decreases  t o  ze ro  a t  t h e  l i m b .  Experi-  
men ta l ly  determined va lues  for u i n d i c a t e  t h a t  it i s  a f u n c t i o n  
of  wavelength,  b u t  an average va lue  of  0.6 i s  s a t i s f a c t o r y  
f o r  a f i r s t - o r d e r  a n a l y s i s  of t h e  e f f e c t .  

To determine t h e  i l luminance a t  a d i s t a n c e  X i n t o  t h e  
penumbra, w e  i n t e g r a t e  t h e  luminance over  t h e  segment of t h e  
sun's d i s k  of rise A t h a t  can be seen from X. I f  t h e  h a l f -  
c e n t r a l  ang le  i s  $, and B i s  t h e  r a d i a l  d i s t a n c e  from t h e  
c e n t e r  of t h e  s u n ' s  d i s k  t o  t h e  p r o j e c t e d  shadowing edge a t  
t h e  v a r i a b l e  angle  0 ,  t h e  i n t e g r a l  becomes 
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The l i m i t  B i s  given by 

and t h e  l i m i t  y~ by 

-1 (R-A $ = cos -) R 

s o  

T h i s  i n t e g r a l  has been evaluated f u r  A betweel? zc rc  and R 
w i t h  u = 0 ,  .6, and 1, and the r e s u l t s  a r e  p l o t t e d  i n  
Figure 3 as a r a t io  of fu l l - sun  i l luminance,  I,, which i s  
j u s t  t w i c e  t h i s  i n t e g r a l  evaluated a t  A = R. The symmetry 
of the  problem about  t h e  center of t h e  sun, and equat ion  
( 2 1 ,  permi t  t h e  a b s c i s s a  of Figure 3 t o  be l abe led  X/P and 
t h e  v a r i a t i o n  i n  i l luminance a r o u g h  t h e  e n t i r e  penumbra 
t o  be p l o t t e d .  

I n  t h e  case of shadowing of t h e  Workshop a r r a y s ,  
t h e  width of t h e  p o s s i b l e  penumbras a r e  such t h a t  no ce l l  
i n  a s t r i n g  can be completely shadowed and a l l  o t h e r s  be 
completely i l lumina ted .  Minimum p o s s i b l e  penumbra widths  
from t h e  two important  sources of shadow, t h e  meteoroid 
s h i e l d  and t h e  ATM a r r a y s ,  can be determined wi th  the a i d  
of Figure 4 .  A s p a c e c r a f t  roll away from t h e  s o l a r  i n e r t i a l  
a t t i t u d e  by a t  least  22.42 '  i s  requ i r ed  f o r  t h e  P o s i t i o n  I1 
wing t o  be shadowed by t h e  meteoroid s h i e l d .  W i t h  this r o l l  
ang le ,  t h e  minimum d i s t a n c e  from t h e  shadowing edge t o  t h e  
a r r a y  i s  136.85 inches.  The width of t h e  penumbra perpendicular  
t o  t h e  sun l i n e  i s  given by (11, bu t  t h e  a c t u a l  penumbra on 
t h e  a r r a y  i s  wider because of t h e  r o l l  angle .  That  i s  
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PM = 5 LM/cosBR = 1.38 i n  = 3.5 cm 

The minimum width penumbra due t o  t h e  ATM a r r a y  shadow w i l l  
occur  on t h e  P o s i t i o n  I V  s o l a r  a r r a y  wing, which i s  182 inches  
away. I n  t h i s  case, t h e  a r ray  can be perpendicular  t o  the sun 
l i n e ,  and the  minimum width of t h e  penumbra comes d i r e c t l y  
from (1) 

PA = 5 LA = 1.69  i n  = 4.3 c m  

The  minimum penumbra the re fo re  occurs whei i  t h e  m e t e ~ r ~ i d  
s h i e l d  shadows t h e  a r r a y  w i t h  a pure s p a c e c r a f t  r o l l  o u t  
of t h e  s o l a r  i n e r t i a l  a t t i t u d e .  Even w i t h  t h e  effect  of 
reduced i l l u m i n a t i o n  on t h e  panel  due t o  t h e  r o l l  angle  
cos ine  l o s s ,  t h i s  i s  the  worse-case shadow. 

Five pe rcen t  of the two-centimeter width of each 
ce l l  is covered by a s o l d e r  s t r i p ,  b u t  this area i s  n o t  l o s t  
because of the overlapped o r  sh ingled  ce l l  laydown. The  
effective expose? cell w i d t h  i s  1 . 9  cm. Therefore  t h e  
minimum penumbra covers 1 . 8 4  ce l l  widths  o r  a ce l l  width 
occupys 54.3% of t h e  penumbra. Average i l l u m i n a t i o n  i n t e n s i t y  
on a ce l l  i n  t h i s  worst-case penumbra may be determined from 
Figure 3 by i n t e g r a t i n g  t h e  appropr i a t e  p o r t i o n  of t h e  
i l l u m i n a t i o n  p r o f i l e  over the ce l l  width and t h e n  d i v i d i n g  
by t h e  ce l l  width.  For example, t h e  average i l l u m i n a t i o n  
on a ce l l ,  one s i d e  of which i s  j u s t  a t  t h e  t r a n s i t i o n  t o  
f u l l  s u n l i g h t  and the  o t h e r  is  1 .9  c m  i n t o  t h e  penumbra, i s  

3.5 
r 

I (x) dx 
1 - 

'AVG 1 .9  
- -  I 1 .6  

For t h e  normalized parameters of Figure 3: 
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1 . 0  

The average ce l l  i l l u m i n a t i o n  i n t e n s i t y  w a s  determined f o r  
t h e  cases examined i n  t h i s  memorandum g r a p h i c a l l y  from 
Figure  3 .  

A forward cur ren t -vol tage  ( I - V )  c h a r a c t e r i s t i c  
t y p i c a l  of i l l u m i n a t e d  solar  cells  i n  t h e  SAS i s  shown i n  
F igu re  5. F igure  6 i l l u s t r a t e s  t h e  r e s u l t a n t  c h a r a c t e r i s t i c  
f o r  a series s t r i n g  of  154 cel ls  a t  25°C. The o p e r a t i n g  
p o i n t  of an SAS electr ical  group i s  maintained i n  t h e  
v i c i n i t y  of t h e  peak power p o i n t  by a peak power tracker. 
S ince  a group c o n s i s t s  of 120  s t r i n g s  i n  p a r a l l e l ,  it would 
normally be ope ra t ing  a t  a vo l t age  of  7 2 . 4  v o l t s ,  h e r e i n a f t e r  
r e f e r r e d  t o  as VB, and a c u r r e n t  of 30.2 amperes (120  x .252 
amps). The effect  of i l l u m i n a t i o n  i n t e n s i t y  on a s i n g l e  
so l a r  ce l l  i s  shown i n  Figure 7. Shor t  c i r c u i t  c u r r e n t ,  
I--, i s  a s t r o n g  func t ion  of i l l u m i n a t i o n ,  b u t  t h e  open 

i s  r e l a t i v e l y  unaf fec ted .  On t h e  c i r c u i t  voltage , 
o t h e r  hand, Voc i s  a s t r o n g  func t ion  o f  ope ra t ing  temperature  
w h i l e  Isc i s  r e l a t i v e l y  unaf fec ted .  

a L  

voc 

I f  one of t h e  cells i n  a s t r i n g  becomes p a r t i a l l y  
shadowed, a s h i f t  i n  t h e  ope ra t ing  p o i n t  of every other  ce l l  
i n  t h e  s t r i n g  w i l l  occur.  The t o t a l  v o l t a g e  across t h e  s t r i n g ,  
however, must remain cons tan t  a t  VB, t h e  ope ra t ing  v o l t a g e  of 
t h e  una f fec t ed  p a r a l l e l  s t r i n g s .  An a p p r o p r i a t e  e q u i v a l e n t  
c i r c u i t  f o r  t h e  s e c t i o n ,  shown i n  F igure  8 , c o n s i s t s  of t h e  
par t ia l ly-shadowed s t r i n g  i n  p a r a l l e l  w i t h  a b a t t e r y  of 
voltage VB. Vu i s  t h e  vol tage  across t h e  una f fec t ed  ( i . e . ,  
f u l l y  i l l u m i n a t e d )  cel ls  i n  t h e  s t r i n g ,  and VA i s  t h e  v o l t a g e  
across t h e  a f f e c t e d  ( p a r t i a l l y  shadowed) cel ls .  
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V A + Vu = VB,  a c o n s t a n t  ( 6 )  

When a ce l l  becomes shadowed, i t s  c u r r e n t  g e n e r a t i n g  
c a p a b i l i t y  decreases ,  causing t h e  c u r r e n t  through t h e  s t r i n g  
t o  decrease .  The o p e r a t i n g  p o i n t  of each i l l u m i n a t e d  c e l l  must 
therefore s h i f t  i n  t h e  d i r e c t i o n  of  dec reas ing  c u r r e n t  as a 
common c u r r e n t  i s  passed through each c e l l  of the s t r i n g .  
Accordingly,  t h e  v o l t a g e  across  each i l l umina ted  c e l l  must 
i n c r e a s e ,  (see Figure  5) i n c r e a s i n g  V above i t s  va lue  i n  an 
unshadowed s t r i n g .  
VB, i s  he ld  cons t an t .  
shadowed cells,  must decrease.  I n  f a c t ,  i n  t h e  u s u a l  case V 

a c t u a l l y  becomes nega t ive  and t h e  shadowed ceiis become reverse 
b ia sed .  
by a g r a p h i c a l  s o l u t i o n  of equat ion  ( 6 ) .  The i n t e r s e c t i o n  of 
the reverse V-I  c h a r a c t e r i s t i c  f o r  t h e  p a r t i a l l y  shadowed c e l l  
w i t h  t h e  V - I  characterist ic for  t h e  v o l t a g e  d i f f e r e n c e ,  VB-Vu=VA, 

g i v e s  t h e  common c u r r e n t  s o l u t i o n .  

U 
B u t  t h e  ope ra t ing  vo l t age  of t h e  group, 

Therefore VA, t h e  v o l t a g e  across t h e  

A 

The new o p e r a t i n g  p o i n t  of t h e  s t r i n g  may be determined 

P i e c e w i s e  l i n e a r  approximations of t h e  reverse character- 
i s t i c s  f o r  t h e  solar  cells  i n  t h e  SAS w e r e  ob ta ined  f r o m  Reference 
2 and are shown i n  Figure 9.  F igure  1 0  i l l u s t r a t e s  t h e  current 
c h a r a c t e r i s t i c  for  153 f u l l y  i l l umina ted  cel ls  i n  t h e  s t r i n g  as a 
f u n c t i o n  of VB-Vu. VB i s  taken as t h e  ope ra t ing  v o l t a g e  a t  t h e  
peak power p o i n t  and i s  a cons tan t .  

The ope ra t ing  po in t s  f o r  f i v e  cases of p a r t i a l  shadowing 
of an i n d i v i d u a l  s t r i n g  by the  meteoroid s h i e l d  w e r e  determined. 
A 22 .42O r o l l  of t h e  vehicle f r o m  solar i n e r t i a l  i s  r e q u i r e d  
f o r  t h i s  t o  occur  and t h e  r e s u l t i n g  cos ine  loss  i n  c u r r e n t  o u t p u t  
h a s  been accounted for  i n  a l l  cases. 

CASE 1: T h e  f i r s t  case cons idered  i s  when t h e  penumbra 
from t h e  edge of t h e  meteoroid s h i e l d  covers one f i r s t  r o w  
ce l l  of  a s t r i n g .  The i l l u m i n a t i o n  of  t h e  ce l l  i s  decreased  t o  
76% of f u l l  i n t e n s i t y .  The o p e r a t i n g  p o i n t  of t h e  s t r i n g  i s  
determined by t h e  i n t e r s e c t i o n  of VA with  VB-Vu i n  F igure  11. 
Depending on t h e  leakage c h a r a c t e r i s t i c s  of t h e  c e l l ,  t h e  new 
s t r i n g  o p e r a t i n g  c u r r e n t  i s  between 205 m a  and 220 ma .  The 
reverse voltage across t h e  p a r t i a l l y  shadowed cel l  w i l l  r ange  
f r o m  4 t o  7 vo l t s .  
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CASE 2: The penumbra f r o m  t h e  edge of t h e  meteoroid s h i e l d  
has now advanced t o  inc lude  t w o  consecut ive  cel ls  i n  t h e  
s t r i n g .  The r e l a t i v e  i l l u m i n a t i o n  i n t e n s i t i e s  are .76 (ce l l  
i n  2nd r o w )  and .17 ( ce l l  i n  f i rs t  r o w )  of f u l l  i l l u m i n a t i o n .  
The r e v e r s e  c h a r a c t e r i s t i c  f o r  t h e  less i l l u m i n a t e d  ce l l  
i n t e r s e c t s  wi th  VB-Vu i n  F i g u r e  12 over a c u r r e n t  range of  
57 t o  117 ma. S ince  t h e  s h o r t  c i r c u i t  c u r r e n t  of t h e  cel l  a t  
76% of f u l l  i l l u m i n a t i o n  is  200 m a ,  t h i s  c e l l  w i l l  n o t  become 
reve r sed  b iased .  The r eve r se  voltage across t h e  h igh ly  
shadowed cel l  ranges between 14.5 and 16.5 vo l t s .  

CASE 3: I n  t h i s  case t h e  shadow cast  by the edge of  t h e  
meteoroid s h i e l d  has  advanced s t i l l  f u r t h e r  t o  inc lude  t h r e e  
consecut ive  cel ls  i n  a s t r i n g .  The ce l l  n e a r e s t  t h e  SIVE 
tank i s  i n  complete shadow and t h e  nex t  t w o  cells  outward are 
w i t h i n  t h e  penumbra. The r e l a t i v e  i l l u m i n a t i o n  i n t e n s i t i e s  
are 0 % ,  17%, and 76%. Notice i n  t h i s  case t h a t ,  depending on 
ce l l  leakage c h a r a c t e r i s t i c s ,  t h e  s t r i n g  ope ra t ing  c u r r e n t  
(F igu re  13) could exceed 45  ma, t h e  s h o r t  c i r c u i t  c u r r e n t  
of t h e  ce l l  a t  17% of f u l l  i l l umina t ion .  If  t h i s  happens, 
t h e n  both  cells  w i l l  became reverse b ia sed ,  and t h e  voltage, 
VA, w i l l  occur  across t h e  series combination. 

CASE 4: For  this case the penumbra from t h e  S I V B  tank or 
meteoroid s h i e l d  i s  assumed t o  j u s t  i nc lude  t h e  f i r s t  r o w  
of cells of a g iven  module. Because each s t r i n g  doubles  
back on i t s e l f ,  t w o  cells  of each  s t r i n q  w i l l  be i n  t h e  
penumbra. ‘Lne iiluminatio: of each cel l  in t h e  row i s  
decreased  t o  76% of f u l l  i n t e n s i t y .  Assuming t h e  t w o  cells  
t o  have i d e n t i c a l  r e v e r s e  c h a r a c t e r i s t i c s ,  t h e  new o p e r a t i n g  
p o i n t  of  t h e  s t r i n g  i s  determined i n  Figure 14. By t h e  
assumption, t h e  v o l t a g e ,  VA, d i v i d e s  e q u a l l y  across each of 
t h e  p a r t i a l l y  shadowed cells. 

-. 

CASE 5: I n  t h i s  f i n a l  case, t h e  shadow cast  by t h e  S I V B  tank  
h a s v a n c e d  t o  inc lude  t h e  f i rs t  t w o  r o w s  of cel ls  a long  t h e  
wing. Each s t r i n g  now has t w o  cells  a t  an i l l u m i n a t i o n  level 
of .76 and t w o  cells  a t  an  i l l u m i n a t i o n  level of .17. A s  w e  
s a w  ear l ier ,  t h e  c u r r e n t  through t h e  h igh ly  shadowed ce l l  w i l l  
determine t h e  new ope ra t ing  p o i n t ;  t h e  ce l l  a t  .76 of f u l l  
i l l u m i n a t i o n  i n t e n s i t y  does n o t  become reverse b ia sed .  
new ope ra t ing  p o i n t  i s  determined i n  Figure 15. 

The 

T a b l e  I l i s t s  t h e  s t r i n g  o p e r a t i n g  c u r r e n t ,  reverse 
voltage across the shadowed cells, and power d i s s i p a t e d  i n  t h e  
shadowed cells f o r  each of t h e  f i ve  cases examined. Maximum 
power d i s s i p a t i o n  of approximately 1.7 w a t t s  occurs  i n  t h e  
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second case ,  and t h i s  i s  no t  excessive.  The maximum r e v e r s e  
vo l t age  ac ross  a s i n g l e  ce l l ,  17 .2  v o l t s ,  occurs  f o r  t h e  
completely shadowed low leakage ce l l  i n  t h e  t h i r d  case.  I n  
gene ra l ,  t h e  reverse vo l t age  across  t h e  shadowed cel l  increases 
with t h e  degree of shadowing; reverse v o l t a g e  dec reases  a s  ce l l  
leakage inc reases .  

TABLE I: OPERATING POINT PARAMETERS FOR THE F I V E  
CASES EXAMINED 

C a s e  C e l l  Leakage S t r i n g  C u r r e n t  Reverse Voltage Power D i s s ipa t ed  
p e r  c e l l  p e r  cel l  

High 

Low 
1 

2 

3 

4 

High 

Low 

High 

T -... 
Y V W  

High 

Low 

High 

Low 
5 

222  ma 

207 ma 

4 . 2  vol ts  0.93 w a t t s  

7 .0  v o l t s  1.45 w a t t s  

118 ma 1 4 . 7  v o l t s  1.73 w a t t s  

58 m a  1 6 . 4  v o l t s  0.95 w a t t s  

79 ma 16.0 v o l t s  1 . 2 6  w a t t s  

1 4  ma 1 7 . 2  v o l t s  0 . 2 4  w a t t s  

2 1 4  ma 

203 m a  

84 m a  

52 m a  

2 .9  v o l t s  0 . 6 2  w a t t s  

3.7 v o l t s  0 .74  w a t t s  

8.0 v o l t s  0.67 w a t t s  

8.3 v o l t s  0.43 w a t t s  

The Zener breakdown vo l t age  of t h e  solar cells d i scussed  
i n  Reference 2 (and used w i t h  Figure 9 )  v a r i e s  between 23 v o l t s  and 
32 v o l t s .  Data from more r e c e n t  tes ts  on a l a r g e r  sample i n d i c a t e  
t h a t  a small percentage of t h e  cells  ( ~ 1 0 % )  may break down a t  
reverse vo l t ages  less than 20 vol ts  i f  t h e i r  temperature  i s  high 
( > 2 5 O C ) .  When a group i s  opera t ing  a t  i t s  peak power p o i n t ,  



BELLCOMM, INC. - 1 0  - 

t h e  maximum v o l t a g e  d i f f e r e n c e  VB-Vu i s  between 17 and 18 
v o l t s  (open c i r c u i t  cond i t ion  i n  a f f e c t e d  s t r i n g ) .  under 
these cond i t ions  it i s  u n l i k e l y  t h a t  t h e  r e v e r s e  breakdown 
voltage of a shadowed ce l l  w i l l  be exceeded. I f  some error 
e x i s t s  between t h e  peak power p o i n t  and t h e  a c t u a l  o p e r a t i n g  
p o i n t ,  t h e  magnitude of t h e  reverse v o l t a g e  may i n c r e a s e .  
The performance s p e c i f i c a t i o n  for  t h e  peak power tracker allows 
a 5% d e v i a t i o n  ( i n  power) from t h e  a c t u a l  peak power p o i n t .  
(Reference 4 ) .  Error  may occur on both s i d e s  of t h e  a c t u a l  
peak power p o i n t .  A 5% error i n  power could g i v e  rise t o  a 
3.5 v o l t  decrease i n  t h e  group ope ra t ing  p o i n t ,  which could 
i n  t u r n  i n c r e a s e  t h e  open c i r c u i t  d i f f e r e n c e  between VB-Vu 

t o  21.5 v o l t s .  

Although Zener breakdown of  SAS s o l a r  cells  under 
c o n d i t i o n s  of  p a r t i a l  shadowing i s  p o s s i b l e ,  a ve ry  u n l i k e l y  
combination of circumstances i s  r equ i r ed .  F i r s t ,  f u l l  or 
a l m o s t - f u l l  shadow must cover only  one of the 1 5 4  cells  i n  
a s t r i n g ,  and because of t h e  c e n t e r  f o l d  i n  each s t r i n g ,  on ly  
t h e  edges of t h e  deployed meteoroid s h i e l d  and antennas a t  
t h e  t i p  of  t h e  ATM a r r a y s  can cause these shadows. Second, 
t h e  p a r t i c u l a r  c e l l  i n  such a shadow must have a very l o w  
Zener breakdown vol tage .  Third,  t h e  a r r a y  must be 
o p e r a t i n g  close t o  maximum power: if it i s  n o t ,  t h e  
o p e r a t i n g  p o i n t  w i l l  be on t h e  h igh  voltage-low c u r r e n t  
side of the peak power po in t ,  dec reas ing  VB-Vu and t h e  
l i k e l i h o o d  of breakdown. Fourth,  l i k e l i h o o d  of  breakdown 
is e,-,k,anced 2t peak Fower outDut only  i f  allowable error 
by t h e  peak power t r a c k e r  i s  bn t h e  low-voltage s i d e .  

An a r r a y  temperature of 25OC has been used f o r  most 
of t h e  preceeding d i scuss ion .  Array temperature  v a r i a t i o n  
over t h e  s u n l i t  p o r t i o n  o f  t h e  o r b i t  causes  v a r i a t i o n s  i n  t h e  
c e l l  reverse breakdown vo l t age  and i n  t h e  v o l t a g e  VB-Vu. 

Unfor tuna te ly ,  d a t a  concerning t h e s e  v a r i a t i o n s  are scarce, 
p a r t i c u l a r l y  wi th  r ega rd  t o  ce l l  reverse breakdown. Recent 
t e s t  data i n d i c a t e  t h a t  r e v e r s e  breakdown v o l t a g e  of  t h e  solar 
cel ls  var ies  i n v e r s e l y  w i t h  temperature  (Reference 3 ) .  The 
change i n  VB-Vu i s  also an i n v e r s e  r e l a t i o n s h i p  wi th  temperature  
(Reference 5 ) .  Thus t h e  c r i t i ca l  v o l t a g e s  both change i n  t h e  
s a m e  d i r e c t i o n  as a func t ion  of temperature ,  and it i s  u n l i k e l y  
t h a t  temperature  v a r i a t i o n s  w i l l  a f f e c t  t h e  above conclus ion ,  
which i s  t h a t  Zener breakdown i n  partially-shadowed s t r i n g s  of 
cells  i n  t h e  workshop s o l a r  a r r a y  i s  very  un l ike ly .  
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L e t  us  now consider  what t h e  consequences of break- 
down might be should t h e  un l ike ly  occur .  I n  t h e  same r e c e n t  
tests i n  which a few (3 of 35) cells with low breakdown v o l t -  
ages w e r e  found, two-thirds  (2) of t h e  cel ls  which d i d  break- 
down recovered (Reference 3). T h a t  i s ,  they r e t a i n e d  t h e  same 
V-I  characteristics t h a t  they possessed p r i o r  t o  breakdown. 
The one-third (1) t h a t  d i d n ' t  recover  possessed,  a f t e r  break- 
down, a c h a r a c t e r i s t i c  s i m i l a r  t o  t h a t  of a low-impedence 
res is tor .  Such a f a i l u r e  i s  of l i t t l e  consequence i f  t h e  
f a i l e d  ce l l  i s  i n  series w i t h  153 good ones - it does n o t  
cause f a i l u r e  of t h e  e n t i r e  s t r i n g .  

CONCLUSIONS 

The f a c t  t h a t  Zener breakdown i n  u n l i k e l y ,  and t h e  
f a c t  t h a t  if it does occur it probably won' t  do any measurable 
harm leads  t o  the f i n a l  conclusion t h a t  t h e  p r e s e n t  series 
s t r i n g  design of t h e  SAS i s  acceptab le  from t h e  s t andpo in t  
of t h e  e l e c t r i c a l  e f f e c t s  of p a r t i a l  a r r a y  shadowing. MSFC 
has recommended t h a t  t h e  cells used i n  t h e  SAS be screened 
t o  e l i m i n a t e  those  with l o w  r eve r se  breakdown vo l t ages  before  
i n s t a l l a t i o n .  This s t e p ,  i t  appears ,  a s su res  an acceptab le  
design.  

J. L. M i l l e r  of the A s t r i o n i c s  Laboratory a t  MSFC 
suppl ied  d a t a  on c e l l  c h a r a c t e r i s t i c s  and o f f e r e d  o t h e r  
h e l p f u l  advice.  H i s  cooperat ion is appreciate;. 

W. W. Hough 4 
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